Abstract. The weld geometry is directly related to weld strength. The weld geometry by manual measurement may be inaccurate due to human errors. In this study, the image processing is proposed to measure the geometrical dimensions of bead-on-plate weld. The image noise of weld was smoothed by median filter. The boundary of fusion area was enhanced by histogram processing. The edge of deposit and fusion area is then obtained using Laplacian-Gaussian operator and zero crossing detection. The demonstrated example shows that the image processing can effectively and accurately measure the weld geometry.
Introduction
The weld geometry is a function of welding process parameters. It is important to study the effect of welding process parameters on weld geometry, especially when the automated welding equipment is used. An insufficient throat or concave type weld profile reduces the cross-sectional area of the weld. Therefore, the concave type weld is a point of weakness. Excessive convexity or reinforcement causes stress concentration that creates problems under impact, fatigue loads, or low-temperature service. Inadequate penetration is a weld defect, which would leave an unfused area that could cause failure. The effect of process variables on weld geometry has been studied by Tarng and Yang [1] . The weld profiles were measured using the planimeter. In order to study the correlation between the weld geometry and weld failure, Bowman and Quinn [2] and Mashiri et al. [3] made duplicated molds from welds, and the weld geometry was measured from a mold using a profile projector. The weld measurement by either the planimeter or the profile projector is not fully automated. Manual measurement may be inaccurate due to human errors.
Wide applications have been employed to measure the geometrical characteristics of filling or spraying process due to the technological advancement of image processing. Qu et al. [4] used image processing to measure the deposit dimension in spray forming. Kuo and Wu [5] used fuzzy theory coupled with image processing to track the welded seam and to send an appropriate control signal to the numerical control machine. In this study, the image processing technology is employed to measure the weld geometry of bead-on-plate weld.
Image Processing
An image can be represented by two-dimensional function. The image function ( ) 
Mask.
The mask is an operator that obtains the new value of function for a pixel. A pixel and its neighboring pixels are operated upon and a new value is calculated. After the pixel is operated upon by the mask, the value of the function is the numerical value of this point.
(1) Low pass filter An image with a large variation in the gray level value will result in high frequency noise following Fourier transfer. If the high frequency components can be removed, the image will be smoothed. The mask operation is often used for the smoothing of an image. This method reduces the high frequency components and smoothes the image.
(2) High pass filter This filter is used to reinforce the part where the image varies greatly, and to reduce the low frequency component of the image. After treatment by this filter, the outline of the image will become clearer.
(3) Median filter The filter is used to remove random noise and to maintain image sharpness. Let each point in the n n × pixel range be arranged according to its numerical value. The median value will be obtained. The gray level of each point is replaced by the median of the gray levels in a neighborhood of that point, instead of by the average.
LOG operator. The edge of an image can be efficiently detected using LOG (Laplacian of Gaussian ) operator. The operator combined both low pass filter and high pass filter. The low pass filter is Gaussian function, which smooth the input image. The high pass filter is Laplacian function, which reinforces the outlines of an image.
where * represents a convolution operator andσ is the spread parameter.
The resolution of a digit camera is getting higher, hence the captured pixels of an image is growing larger. It is necessary to implement a larger mask to calculate LOG operator. A 11 11× mask with 2 2 = σ is used to approximate LOG operator in this study [6] . The mask computes a response by integrating the input of 121 pixels and thus responds a larger image feature and not a smaller one.
Zero-crossing detection. The zero-crossing detection is to mark the points where the result of LOG response has zero value. Huertas and Medioni [7] have developed a systematic method for classifying 3 3× patterns in order to determine edge direction. A 3 3× window of LOG response is compared with the zero-crossing patterns as shown in reference [7] . If the 3 3× window of LOG response is identical to one of zero-crossing patterns, then the center point of the window is the edge point. The gray level value of edge point is 0, otherwise the gray level value is 255.
Histogram processing. The histogram with significant spread corresponds to an image with high contrast. If the histogram of an image with gray levels in the range [0, L-1] can be described as a discrete probability function of k r equals n n k , where k r is the kth gray level, k n is the number of pixels in the image with that gray level, n is the total number of pixels in the image, and
, then a uniform histogram of the image can be obtained using histogram equalization as Eq. 4 [8] . The treatment of histogram equalization can spread the gray level range and thus enhance the edge detection.
where K S is the equalization gray level corresponding to kth gray level.
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Results
Accuracy verification. In order to verify the measurement accuracy, the evaluation comparison has been carried out between a group of concentric circles ranged from 2 to 10 mm radius with 1 mm intervals and a reference circle of 3 mm radius. The images of both the concentric and reference circle acquired from SONY DSC-H5 digital camera (7.2M Pixel) were processed by LOG operator and zero-crossing detection. The center and average radius R avg for each circle were calculated by the least square method. The length of pixel was estimated by dividing R avg of the reference circle by the pixel number on R avg . Similarly, the area of pixel was calculated by dividing area of the reference circle by the pixel number within the circle. Based on the pixel length and area, the average radius, maximum radius max R , minimum radius min R , range radius R ran , area of comparative circle A can be estimated.
Table1 shows the geometric data of the evaluated circles, where A 0 equals 2 R π and σ is the standard deviation. Weld geometry. The base material used for this study was a 9 mm-thick plate of low carbon steel. The plate was cut into mm 65 120 × pieces and both surfaces were sand blasted to remove dirt and oxides. A CO 2 arc welding machine was used to deposit experimental bead-on-plate welds. The electrode diameter 1.2mm, welding voltage 28V, welding current 200A and welding speed min mm 250 were used in the experiment. The weld was cross-sectioned at mid-length, polished and macro etched with 5% nital. A digital camera was used to acquire the image of a macro etched section of weld along with a reference circle of 3 mm radius. The image of a weld cross section is shown in Fig. 1 . The image of reference circle was treated by LOG operator and zero crossing detection to obtain the outline. The pixel length and area were estimated based on the pixel number on the diameter and within the area of the circle, respectively. In order to decrease the noise disturbance of the weld image, a median filter was used to smooth the weld image. The LOG operator and zero crossing detection were then processed to obtain the edge of weld deposit. Due to the contrast of gray level between the fusion area and base material was insignificant, the histogram processing was used to enhance the junction of fusion area. The edge of fusion area was obtained by LOG operator and zero crossing detection. The edge of deposit and fusion area after image processing is shown in Fig. 2 , where A d represents deposit area, A f represents fusion area, W is weld width, R is weld reinforcement and P is weld penetration. Based on the estimated pixel length and area, the geometrical dimensions of wed can be calculated: A d = 22.30 mm 2 , A f = 23.13 mm 2 , W = 14.94 mm, R = 2.67 mm, and P = 2.77 mm. 
Conclusion
The macro etched section of weld can reveal the weld deposit and fusion junction between weld and base material. The deposit area is directly related to the load resistance. The fusion area is an indication of the composition change of weld material caused by mixing of base material and related to joint penetration. In this study, the image processing is used to measure the geometrical dimensions of bead-on-plate weld. The edges of deposit and fusion area are obtained by LOG operator and zero-crossing detection. The results show that the image processing can effectively and accurately measure the weld geometry.
